T2 and T4 bacteriophage have been exposed to various treatments which are known to release the encapsulated DNA. The unseparated reaction products have been examined by autoradiography. The results indicate the presence of one large subunit of DNA (molecular weight 45 × 106) for each former phage particle. Some smaller subunits of molecular weight 12 × 106 have been observed.
existed in the phage in some form. The rather unlikely alternative is that the osmotic shock performed the elaborate operation of breaking up the total phage into a rather uniform 40 per cent piece, and 6 or more smaller pieces.
The hypothesis that this large subunit is a structural feature of the phage particle, and not an artifact of its preparation, is difficult to prove. More confidence could be placed in this suggestion if very different methods of releasing DNA from the intact phage produced the same sized fragment. With this idea in mind, phage were labelled with P~ and subjected to DNA-releasing treatments with pyrophosphate (4), urea (5), arginine (6) , or osmotic shock. Each of these products was then examined in the nuclear emulsion, and stars were counted.
The next problem which presents itself is whether this large subunit of phosphorus-containing material is a simple DNA molecule or whether it has some more elaborate structure, perhaps made up of several duplex polynucleotide chains possibly held together at points by protein ligaments. It is possible to approach this question by comparing the number and size of stars produced after treatments which are known to do a specific kind of damage to DNA (7) (8) (9) and to compare the response of the large subunit with the response of DNA of other origins, the structure of which is more clearly defined. In this work we have been primarily interested to see whether the stars corresponding to the subunit of DNA are reduced in size or number by exposure to mild heat treatment, pH 12.2 or 2.6, proteolytic enzymes, DNAase, and ps~ decay.
Growth and Purification of P~-Labdled
Phage.--T2H or T4D phage were grown in E. coli strain H which had been growing in tris-glucose medium (10) supplemented with 2 X 10 -4 gin. peptone per ml. and containing ps, at a specific activity of about 100 me. per rag. with a final phosphorus concentration of 1.9 3' per ml. The hot medium was inoculated with a log phase culture growing on the same medium (but unlabelled). When the cells had grown by a factor of 10 to a concentration of 5 X 107 per ml. they were infected with phage at a multiplicity of about 2 to 5, and 15 minutes allowed for adsorption; at this time an equal volume of fresh radioactive medium was added to avoid starvation. Growth was allowed to proceed for 1 hour at which time the culture was lysed by the addition of CI-ICls (11) and a drop or two of basic 0.2 tris to bring the pit just above 8.
The lysate was mixed with a small volume of concentrated Serratia rnarcescens (an inert phage non-adsorbing cell) which had been washed twice in buffer, and the mixture was then spun in the Spinco model L swinging-bucket rotor for 5 minutes at 8,000 R.P.~. (12) . The supernatants were poured off, and a small amount removed for determining the inactivation rate by suicide (13, 14) . Another addition of 2 X 10 ° Serratia cells was made and the mixture treated with DNAase and RNAase (at final concentration of 5 3" per ml. and 10 3' per ml. respectively). It was then spun in the swinging-bucket rotor at 21,000 R.P.~. for 20 minutes. The supernatant was discarded by pouring and the inside of the tubes was wiped with cellulose tissues to remove as much radioactive solution as possible. The pellets are easily resuspended in buffer and the Serratia removed by another low speed spin in the same rotor. The phage stock prepared in this way for the series of experiments reported here had a titer of 9 X 10 g, whereas the radioactivity assays indicated that there were about the same number of phage equivalents of phosphorus per milliliter of which 80 per cent was adsorbable to cells in 10 minutes.
Production of Carrier Phage.--High titer stocks of T~ or T4 wild were prepared by growing in E. coli strain E 1 in M-9 or 3XD (26) medium. Cultures were vigorously aerated at 37 ° overnight. Complete lysis generally occurred and the titers were usually above 2 X 1{~ 1. The lysates were filtered through celite and through a Sdas 02 filter (12) and spun at 20,000 a.P.~, for 20 minutes in Spinco rotor No. 40. The phage pellet was resuspended in a drop of buffer by standing overnight in the cold: The resulting phage suspension generally had a titer of more than 101~ per m]. and an optical cross-section of between 0.8 and 1.0 X 10-1J. 2 One-tenth volume of labelled stock was mixed with the carrier phage stock. It was this mixed stock on which all the following operations were performed.
Treatments to Release DNA.---Osmotic shock was accomplished in the usual way by dissolving 250 rag. NaC1 per ml. of mixed stock and then rapidly dumping in more than 20 volumes of water (10) . The titer was reduced 80-fold over the unshocked controls and the specific viscositY 3 increased to 0.49.
Treatment with pyrophosptmte (4) was accomplished by adding 1 volume of mixed stock to 25 volumes of a solution which was made up of 10 ml. 0.20 ~ tris (tris-hydroxymethylaminomethane, Sigma Chemical Company), 10 ml. 0.10 ~ sodium pyrophosphate, 73 ml. water, and approximately 1.5 ml. 0.10 ~ HC1 to adjust the pH to 8.8 or 9.0. It was necessary to incubate this solution overnight at 37 ° in order for the turbidity to be decreased, the specific viscosity to attain a maximal value of 0.35, and the titer to be reduced 40-fold.
Mixing the mixed stock with 25 volumes of a urea solution consisting of 48 gin. urea, 100 ml. water, and approximately 1.0 ml. 0.10 N NaOH to adjust the pH just above 8, resulted in the rapid reduction of turbidity, the increase in the specific viscosity to 0.43, and the reduction of the titer over 106-fold. This is essentially the procedure first employed by Cohen (5) .
Addition of the mixed stock to 25 volumes of 0.20 ~ arginine in 0.10 M NaCI adjusted to pH 8.5 and incubated overnight resulted in a 1200-fold reduction in titer, loss of turbidity, and a specific viscosity of 0.24.
1 Generously provided by Dr. George Streisinger. This is the same as Berkeley strain B and is lysis-inhibited even for rapidly lysing phage.
O.D~ The optical cross-section is phage tite~ and has been used by Hershey to characterize the purity and viability of phage stocks. See reference 10.
Viscosity measurements were made at 37 ° using a simple Ostwald-Fenske viscometer that had a flow time for water of approximate 50 seconds. These measurements were made to verify in a roughly quantitative manner that DNA had indeed been released from the phage.
Observations and Results
Intact Phage.--The intact phage was mixed with the Ilford G-5 emulsion on three different dates corresponding to 0, 40, and 50 per cent of the incorporated p3~ decayed. A total of nine different emulsions was counted; the average star size extended from 7.4 to 15.4 rays per star. The average of these determinations for the average number of p~2 atoms per phage particle, No, is 127 4-10.
This number combined with the constant a/Vo found from the inactivation by suicide, gives a value for the efficiency of killing, a, of 0.11 4-0.01; a value which is in excellent agreement with earlier determinations (1). This essentially reproduces the earlier experiments and verifies that track detection in these experiments is being accomplished with high efficiency. Table I the results are given of star counting on the unseparated material resulting from osmotic shock, urea, pyrophosphate, and arginine treatment. In each case the specific viscosity increased to the value listed at the top of the table. Since prolonged treatment did not produce a greater viscosity, and since the star counting reveals only a few large stars corresponding to undamaged phage particles, we conclude that the treatments released DNA from over 95 per cent of the phage. We see that the star sizes found in the osmotic shock, urea, and pyrophosphate products give calculated values for the average number of p~2 atoms per star former of 46 4-4, 46 4-5, and 454-4. 4 Hence the size of the subunit resulting from these three treatments is the same and represents according to this determination 36 4-4 per cent of the phosphorus of the intact phage particle. The ratio of stars to indicator spheres for the intact phage is 86/127 (after deleting the data for two plates in which the stars are too small to be 100 per cent revealed). The ratios for shock, urea, and pyrophosphate treatments are 50/69, ~ 43/49, and 41/45. Within the counting errors these ratios probably reflect the same number of large subunits as phage.
Release of DNA.--In
It is important to note that the arginine treatment, while releasing the DNA as indicated by the increased viscosity, results in the destruction of the large subunit of DNA. Further experiments along these lines show that treatment of an osmotic shockate with arginine will not destroy the large subunit. Therefore we have tentatively concluded that this phenomenon has to do with the mechanism of release by arginine, and little to do with the structure of the large subunit of DNA.
Heat Stability of the Large Fragment.--A general feature of DNA in saline solution is its pattern of thermal denaturation (7, 17) . Heating the DNA 4 In taking this average we have excluded the results of plates 2218, 2222, and 2262 because the rays from these large stars are almost surely undercounted.
6 The star concentrations in these emulsions should be 18 per cent more dilute than in the other two. The second through the fifth columns list f, the fraction of p32 atoms decayed in the sensitive emulsion, g, the fraction of p32 atoms undecayed at the time the emulsion becomes sensitive, ¢, the average number of rays per star obtained by counting 15 randomly selected stars, and s 2, the calculated variance respectively. The value of r is corrected (1) assuming a monodisperse population of star-forming particles and divided by f to arrive at the average number of p82 atoms per star former; a value which is listed in the sixth column. This figure is corrected (by dividing by g) to the time the phage were grown (seventh column). In the next to last column the ratio of the total number of stars and indicator particles is recorded (1) . The concentration of indicator particles in the solution which was mixed with the emulsion was 2 X 104 per ml. Several of these emulsions were counted by two different observers whose results were in agreement.
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Plate solution causes substantially no change in the viscosity, radius of gyration, optical rotation, and extinction coefficient until a certain critical temperature is reached at which rapid alteration in all these values takes place. This denaturation is probably correctly interpreted as the breakage of the hydrogen bonds between the two polynucleotide chains. The resulting increase in the flexibility and loss of helical structure could then account for the change in shape and alteration of the optical properties. Fig. 1 shows the thermal denaturation pattern for DNA released by shock, pyrophosphate, urea, and arginine treatments to be substantially the same, and very similar in appearance to those reported for other kinds of DNA (7, 17, 18, 23) . If the large subunit consisted of smaller subunits of DNA held together by weak bonds which were more heat-resistant than the hydrogen bonds in DNA, then there would be little hope of detecting them. On the other hand, if they ruptured at a lower temperature than the hydrogen bonds, it might be possible to detect star fragmentation without denaturation. To test this idea, we have exposed the osmotic shock product to 37, 80, or 95°C. for 2 minutes. The first two temperatures cause little or no denaturation as measured by optical denSity increase; the latter causes a large increase. The results of star counting listed in Table II show that while the average number of ps~ atoms per starforming particle has fallen a little more than 10 per cent, the number of stars and the size of them are generally the same after exposure to 80 ° . Exposure to 95 ° however, is seen to reduce the apparent star size to 50 per cent of its original value, and to decrease the ratio of stars to indicator spheres to about 30 per cent of its original value. Thus it seems that there are no bonds uniting the hypothetical smaller subunits which are more heat-sensitive than the hydrogen bonds.
The destruction of the large subunit by heating to 95 ° turns out to depend on the amount of pn decay which preceded the heat treatment. This is the
TABLE II

Thermal Stability of the Large Subunit Produced by Shock and Urea
The columns list the same information as in Table I . For example the entries under "Shock, 80 ° 2 minutes. Per cent increase in D~e0 = 3 per cent" represent the data taken from plates exposed for different times of an unseparated shock product which had been heated to 80°C. for 2 minutes, a treatment which caused only a minor (3 per cent) increase in extinction coefficient. subject of other experiments to be described later. It will be sufficient to note here that 1 ~ decay makes the large subunit more heat-labile. Therefore, a heating experiment was done as soon as possible after the growth of the labelled phage.
The heated osmotic shock product and its unheated control were embedded in the emulsion within 3 hours after the phage were grown. During this time each large subunit received on the average of 0.35 decay. This leaves more than 65 per cent of the molecules undamaged. Fro. 2. Effect of exposure to 95°C. on the large subunit of DNA produced by shock In this experiment identically exposed and developed emulsions containing the heated shock product and the unheated control are compared. In the unheated solution the stars are too large to count accurately so they are recorded as a rectangle centered about a mean value calculated from less exposed emulsions. The heat treatment resuits in an increase in the number of stars and causes the distribution to become centered about a mean value of r which is one-half to one-third of the original large subunit. It is somewhat broader than a Poisson distribution. The effects due to P~ decay are minimal but still significant. The large subunit has suffered approximately 0.35 decay (3 hours) between the time of lysis and the time the emulsions were gelled. Even if one estimates additional damage during growth it seems likely that more than half of the large subunits were not damaged by P~ decay. The extent and effect of murder in the hot growth medium are not known.
In Fig. 2 the star population histograms taken from two identically exposed emulsions containing the heated and unheated osmotic shock product show that although this preparation is stable to 80 ° , substantial damage is done by brief exposure to 95 °. It is unfortunate that it is impossible to count accurately the number of rays per star when this number is greater than 20. Therefore, in the emulsions of the unheated material, the stars with more than 22 rays were merely tabulated and then displayed about a mean value of 27 which was calculated on the basis of emulsions which were not exposed as long. There are about twice the number (2 4-0.5) of small molecules and their size is somewhat less than half that found in the unheated material. It seems clear from this that the large subunit can be broken down by heat with no P~ decay, but it is difficult to say exactly what the sizes of the fragments are. If one attributes the smaller stars (which lower the average size) to ps~ decay fragments, the data are then compatible with the idea that the large subunit is separating into two units each of half the original size. To prove this, however, would require more elaborate experiments to eliminate the possibility of the hydrolysis of ester linkages.
Stability at pH 2.6 and 12.2.--Another way of destroying hydrogen bonds in DNA is to lower or raise the pH of the solution until some of the groups involved in hydrogen bonding are titrated. Mtera moderate amount of p3~ decay, aliquots of shocked material were diluted into pH 12.5 saline and then rediluted after not more than 30 seconds into phosphate buffer at pH 7.0 for subsequent emulsion assays. The final pI-I of the solutions during treatment was 2.6 and 12.2 respectively. At these pH values the hydrogen bonddependent structure of calf thymus DNA is destroyed (8, 19) . The last two entries in Table II If the star-forming unit could be disintegrated by a mixture of chymotrypsin and trypsin this hypothesis would become more tenable. The shocked product was treated with a mixture of 80 ~ per ml. of each of these enzymes for 2 and 24 hours at 37 ° in 0.10 ~r NaC1, 0.032 ~r phosphate buffer at pH 7.2. The star size and number in the treated and untreated solutions were compared by star population histograms. The comparison revealed no change. After 24 hours' treatment the histograms were much like those in Fig. 4 . These conclusions are reinforced by the finding that the mixed proteases caused no change in the specific viscosity of the pyrophosphate or urea products, while they caused a rapid reduction of the viscosity of the shocked product to a limiting value about equal to that of the urea or pyrophosphate products. It is likely that the high value of the viscosity of the shocked product is in part due to the presence of large aggregates of I)NA molecules held together by adhering protein. The proteases could be destroying this protein and lowering the viscosity. These aggregates, of course, are not detected by the star technique because of the presence of an excess of carrier DNA.
DNAase.--In order to test critically the sensitivity of the large subunit to DNAase, it is necessary to establish that DNAase digestion is indeed proceeding, yet it is important to use as little enzyme as possible to avoid any effects which might appear as a result of contaminating proteases. To accomplish this we have employed the reduction of the viscosity of the shocked product to monitor the progress of the reaction in the presence of about 0.1 3' per ml. DNAase (Worthington crystallized once). At this concentration of enzyme and approximately 0.003 u Mg ++, the specific viscosity fell to about ~ its original value in 60 minutes. At this time a sample was removed for emulsion assay. Stars were counted, and treated and untreated solutions were compared by the histograms shown in Fig. 3 . To make a quantitative interpretation of these results requires some assumptions concerning the structure of the large subunit and the mechanism of degradation; however, qualitatively the picture is clear. The large subunit is quite sensitive to DNAase and appears to be as sensitive to this enzyme as the viscosity increment. Although it is not logically complete, we take this to mean that the large subunit contrib-utes a large fraction of the viscosity increment and that it is open and relatively unshielded from the action of DNAase. These observations are not compatible with the idea that the large subunit is encapsulated in a small protein shell.
Density Gvogient Equilibrium Centrifugation.--At the present time there is a perplexing disagreement between the molecular weight determinations made by gradient centrifugation (25) and the autoradiographic method discussed here. In the centrifuge experiments, unlabelled T4 phage were osmotically shocked from a high concentration of CsC1 and the unseparated shockate added to about 8 M CsC1, pH 8.4, and centrifuged for about 4 days. By measuring the distribution of DNA in the resulting band, it is possible to obtain information about the molecular weight and distribution of molecular weights of the banded species. Meselson et al. (25) find that the unseparated shockate
gives a rather precise Gaussian distribution of material, indicating a uniform collection of molecules of molecular weight 14 X 10 e. Autoradiography of the same material shows a vastly different picture: here we see one molecule of at least 45 X 106 and 6 or more smaller ones of less than 14 X 10 e for each former phage particle.
It seemed likely that the difference lay in the possibility that the 45 million subunit consisted of smaller subunits identical with the other smaller ones, and that the large aggregate was broken down either by the action of the high salt in the centrifuge or by the buoyant forces which would tend to separate any protein interconnections (which would be less dense than DNA). To test this possibility, P~-labelled T4 were mixed with cold carrier phage and subjected to osmotic shock from CsCI and mixed with more CsCI of the appropriate density and centrifuged almost to equilibrium in the ultracentriguge. Two experiments were performed: one at pH 7.8 and the other at 8.6 and they were centrifuged for 45 hours and 54 hours respectively giving molecular weights calculated from Meselson's equation of 9.6 X 106 and 14 X 10 e. The solutions were recovered from the centrifuge cell and dialyzed for 40 minutes to remove almost all the CsC1. This solution was diluted and mixed with emulsion and the number of 36 per cent stars determined. Fig. 4 shows two histograms of the star populations found in the solutions coming from the centrifuge cell, and those found in a control which was not subjected to centrifugation, but merely stored in the cold. To make these histograms directly comparable, a larger number of indicator particles was counted in one case than in the other in order to compensate for the different dilution factors. While these are the results of the pH 8.6 experiment, those of the other are essentially the same: there seems to be no difference in the number of stars in the centrifuged and uncentrifuged material.
It is possible that all of the DNA is not in the band and that some is either at the top or the bottom of the ceil. This seems unlikely because among other reasons, one would expect to find ultraviolet-absorbing material migrating either upward or downward when in fact the only visible material moves toward the center of the cell. It may be that there are conspiring effects such as The star population histogram shown in the lower frame was taken from a solution which had been centrifuged for 54 hours in 8.0 M CsC1, pH 8.6. The band width indicated a molecular weight of 14 X 106. However, comparison with a shocked product control (upper frame) stored in the cold during this time reveals that there is no change in the star population on centrifugation. More indicator particles were counted in one emulsion than in the other to correct for the different dilution factors. These large stars must have come from DNA molecules of molecular weight 45 X 10 e. It is to be noted that both populations show the effect of P~ decay. If no fragmentation had occurred we would expect a Poisson distribution of stars about a mean of 19. However, each large subunit has suffered about 13 P~ decays during the experiment. If the efficiency of chain cleavage is one-fifth we would expect to find only e -2'e or 12 per cent of the unbroken molecules left. Thus we see only a few "original" molecules and many fragments. However, comparison of the two histograms should still be valid. density or charge heterogeneity which tend to obscure the molecular weight heterogeneity in the banded material. Finally, there is the remote possibility that the P32-1abelled phage differ in some way from the unlabelled phage, either in that some of the DNA molecules are "hotter" than others or that there are some new kinds of connections between the DNA molecules of labelled stocks.
Deproteinization by the Scrag and Phenol Methods.reCurrently there are two effective methods for removing protein from phage DNA preparations: the Sevag procedure (16) and the phenol method (27) . Thus, there are practical reasons for desiring to know whether the 36 per cent subunit will survive these treatments. The osmotic shock product was subjected to gentle shaking for 1 hour with a 9:2 (v/v) chloroform-octanol mixture and then spun at 36,000 g for 20 minutes. The aqueous layer contains only about 5 per cent of the original large stars, but contains many fragments of smaller size which if averaged together would result in an average star size of one-half that of the control. Likewise, two extractions with washed phenol (a procedure which involves shaking manually for a few minutes, followed by several fresh ether extractions and eventual evaporation of the ether) results in the disintegration of the 36 per cent stars.
These observations cannot be taken to mean that these treatments break up the large subunit by removing protein ligaments, because it has not been proven that subjecting these large DNA molecules to the shear involved in shaking does not rupture the DNA chains. There is some evidence that hydrodynamic shear does break up DNA. For example Shooter and Butler (24) have found that the Sevag treatment alters and lowers the distribution of sedimentation coefficients in nucleohistone DNA as compared with the product of the milder detergent method. It is also to be noted that degradation of calf thymus DNA has been observed during flow birefringence measurements (22) , a technique which subjects the DNA solution to moderate but prolonged shear.
Exposure to Nutrient Brotk.--Exposure of the shocked product to nutrient broth for 1 hour causes the viscosity to diminish and the stars to disappear. This suggests some enzymatic activity of the broth, which seems unlikely because it was autoclaved beforehand. This rather puzzling observation is merely reported in view of its practical importance.
Fragmentation by t m Decay.--In view of the fact that the efficiency of killing
per P~ atom decay is the same for a large number of phages of different type, Stent has proposed that this efficiency reflects some structural feature of the DNA molecule (20) . In particular, he has suggested that there is a fixed probability, approximately ~'~0, perhaps defined by the solid geometry of the DNA double helix, that of recoiling S ~ nucleus will cleave the opposite polynucleotide chain. This is a twofold suggestion: first that about one decay in 10 will cause a double chain cleavage, and second that this molecular scission is the lethal event as far as phage reproduction is concerned. It is our purpose to see whether these data are consistent with the first part of this proposal.
Osmotically shocked highly labelled phage were allowed to stand for varying periods, up to 7 days, in the cold before embedding in the nuclear emulsion. Emulsions were then prepared, stored, developed, and counted. The results first seemed to indicate that the large subunits were extremely resistant to fragmentation by P~* decay. A more careful analysis of the sampling procedure revealed that this conclusion was incorrect because we were counting too many stars arising from the undamaged molecules and not making a sufficient sample of the smaller fragments. Indeed, many of the smaller fragments were not large enough to form stars. Therefore it seemed impossible to characterize adequately the polydisperse star population in terms of the average number of rays per star.
It was decided therefore to focus on the number of intact molecules remaining after a certain amount of t n* decay. One would like to count only those stars belonging to the class of unbroken molecules and none other. However, even a uniform collection of molecules will give rise to a Poisson distribution of star sizes. It is possible to gain some information about the class of unbroken molecules by counting only those stars which are larger than some arbitrary cut-off value. In the results quoted below, this arbitrary cutoff was one standard deviation smaller than the calculated mean. The interpretation of the data thus collected requires that we make some assumption regarding the structure of the large subunit. Therefore, for the purposes of this discussion we have assumed a linear, non-branching, molecule. This calculation is outlined in the Appendix. Fig. 5 shows the results of counting the ratio of the number of stars above the arbitrary cut-off to indicator spheres. Three or four different emulsions of different exposures were averaged to obtain each point shown. The error flags are drawn at plus and minus one standard deviation estimated by the counting error alone. If the method and interpretation are correct, the chance that any p32 disintegration breaks the continuity of the molecule is about one fifth. Thus, it would appear that the chance that the large subunit is broken by a certain amount of P~ decay is somewhat greater than that predicted by Stent. If one now attempts to relate this efficiency of duplex scission to the rate of inactivation of plaque-forming units, it is necessary to postulate some mechanism for the lethal events. If we assume that every duplex scission in the large subunlt results in the inability to form plaques, and p3, decays in the remaining 64 per cent have no effect at all, then the over-all efficiency of killing is 1~ X 0.36 = 0.072. The observed efficiency is higher, 0.11 4-1, and thus the mechanism assumed above could only account for 58 to 69 per cent of the observed killing. This leaves 31 to 42 per cent to be accounted for by some other kind of damage. Perhaps some P~ decay in the smaller pieces does contribute to the killing, either by direct damage to the genetic material The reduction in the number of large stars by p~s decay, o, osmotic shock material stored in saline at 4°C., (), urea product, A, pyrophosphate product, X, osmotic shock product from an earlier experiment adjusted by an arbitrary factor to fit the curve. The error flags are drawn one standard deviation above and below the points which are themselves averages of three or four emulsions of various exposure times. After heating to 95 ° or raising the pH to 12.2 ([]) the relative number of intact stars falls more rapidly than before and is in accord with the idea that each P~ decay is 100 per cent efficient in breaking the free polynucleotide chains. A straight line corresponding to an efficiency of 1 is not incompatible with the data when drawn with an intercept of about 20 per cent the original ratio of stars to indicator particles. This would be in agreement with the finding that heating to 95 ° with minimal P= decay still causes a twofold decrease in molecular weight of the large subunit and a twofold increase in star number.
represented by them, or by preventing injection of the DNA into the bacterial cell.
E.~ciency of t ns Scission Within and Without.--It might be supposed that since the DNA is tightly packed inside the head of the phage particle, that a p3~ disintegration taking place within the phage would cause damage not only to the chain in which it resides, but also to chains close by. To test this about 20 p82 decays per subunit were allowed to take place both before and after osmotic shocking. Emulsions were prepared and compared. It was found that the star distribution and number were the same in each. Thus it appears that p82 scission proceeds with equal e/ficiency under either condition. This agreement makes it seem less likely than any non-P 3~ damage (hydrolysis?) was taking place on storage of the shocked product in the cold.
Effect of p32 Decay on Heat Stability.--In addition to the possibility that a p32 decay breaks the opposite polynucleotide chain, there is a certainty that it interrupts the polynucleotide chain in which it resides (14) . To a large extent this single chain breakage is similar to the enzymatic degradation of DNA, a process which proceeds by the cleaving of single phosphorus-ester linkages (21) . If the large subunit were a simple DNA duplex, one would expect that exposure of the DNA to hydrogen bond-breaking temperatures after a certain amount of P~ decay, would be more effective in breaking the molecule than either treatment alone. This would be due to the breaking of large sections of hydrogen bonds between alternate interruptions caused by ps~ disintegrations. In Fig. 5 we have plotted the ratio of large stars to indicator spheres after heating the shocked phage to 95 ° for 2 minutes. Under these conditions the P~ decay is seen to be at least 100 per cent effective in causing molecular scissions, in accord with expectation for a single unsupported polynucleotide chain.
In actual fact the disappearance of l:he large stars after heating proceeds at a somewhat faster rate than is to be expected with this simple view. It is not unlikely that the heat treatment itself is responsible for the hydrolysis of an occasional ester link (17) . Furthermore, studies on the acid hydrolysis of DNA indicate strongly that the entangled polynucleotide chains can come apart as the rupture of ester linkages proceeds (19) . Lastly, if the duplex were coming apart, it would no longer conform to the model employed to interpret the unheated case. Therefore, the data on the heated P~ degradation product should be taken only qualitatively. When so taken, they demonstrate that the rate of disappearance of large stars with ps2 decay is many fold more rapid after heating than before. It is further to be noted that this increase in the rate of degradation does not occur on heating to 80 ° , but does occur on heating to 95 °. This is significant when, as seen in Fig. 1, the FIo. 6. The bimodal distribution of stars in the shock product showing some of the small pieces of DNA. Phage with about 280 Pm atoms per particle were shocked and the product diluted and embedded in the nuclear emulsion and then stored for 12 days and developed. Approximately 43.5 per cent of the P~ has decayed in the emulsion. To the right is a rectangle representing an aggregate of 77 stars which had more than 25 rays per star. To the left is a histogram representing 113 stars which had fewer than 25 rays. The ratio of small to large stars is 1.5 q-0.2 but this figure probably means little because the broader than Poisson character, and the presence of a large number of stars with 6 or 7 rays, indicate that there are many smaller stars just beyond the field of view at this level of labelling and exposure.
should be possible to observe some of the smaller pieces (if they contained enough phosphorus) by labelling at a high specific activity, and then exposing the emulsions for an extended period.
To explore these stars of "lower magnitude" T4 phage were grown at a specific activity of about 210 me. per mg. The purified phage inactivated by suicide with a value of aNo of 31.9 giving about 280 4-20 ps, atoms per phage particle. About 75 per cent of the phage were not viable. The osmotic shock product was put into a series of emulsions and stored up to 12 days. Examination of the most highly exposed emulsions revealed a population distribution of stars that was highly bimodal. The large stars had too many rays to count, therefore all stars with more than 25 rays were lumped together and are represented in Fig. 6 by the rectangle centered about a mean of 44 which was calculated on the basis of prior experiments and the rate of inactivation by suicide. There are also a large number of smaller stars having 6 to 18 rays. These are displayed in a histogram to the left of the same figure. The mean value of r of the stars that can be seen is about 12. Thus the stars seen have about one-tenth the phosphorus of the phage, or represent molecules of 12 X 10 e in molecular weight. The distribution is broader than the Poisson distribution, and the fact that there are a large number of stars with 6 or 7 rays indicated that there are more smaller molecules which would make their appearance as stars, if the emulsion were exposed longer, or if the phage were more highly labelled. This conclusion is reenforced in a qualitative way by the observation that there are a large number of tracks which appear in the emulsion which do not arise from stars, and which do not come from cross-contamination between plates during storage, and thus presumably arise from still smaller pieces of DNA.
DISCUSSION AND CONCLUSIONS
Treatment of phage by osmotic shock, pyrophosphate, or urea causes the release of DNA, and star counting reveals the presence of one large subunit per phage particle which has the same size irrespective of the method of preparation and represents 36 4-4 per cent of the total phosphorus of the intact phage. This subunit appears very uniform in phosphorus composition. Examination of a highly labelled shock product reveals a bimodal distribution with a full quota of large subunits, and a population of smaller molecules corresponding to molecular weights of DNA of 12 )< 10 s and smaller. They appear to be heterogeneous in phosphorus content. Thus the bimodality inferred from the presence of the large subunit is confirmed, but the distribution of smaller molecules remains largely undefined. The large subunit produced by different methods has the same stability to temperature, high values of pH, enzymes, and p32 decay so far as studied--a fact which tends to substantiate the idea that these preparative procedures have released the same subunit, and that it probably preexisted within the phage particle, either as such, or united by special bonds to the remainder of DNA.
The extreme resistance to chymotrypsin and trypsin and the extreme sensitivity to DNAase strongly suggest that the large subunit is a single DNA molecule. This conclusion becomes stronger in view of experiments which determine the sedimentation constant of the star-forming unit. These experiments show that its sedimentation constant is characteristic of free DNA, and not DNA associated with large fragments of the phage ghost (29) . The large sub-unit has the thermal stability characteristics of DNA in that there is no fragmentation of the star-forming particle at 80 °. The large subunit does come apart on 2 minutes' exposure to 95 ° and in this respect it is like coli DNA in the CsC1 (30) , and unlike thymus DNA (7, 17) . It is only remotely possible that this is due to unavoidable pa~ damage before heating. Finally, the P~ fragmentation of the molecule is within the limits of expectation for a double helical structure, and is compatible with Stent's proposal concerning the lethal event in phage although we find that the efficiency of chain scission is one-fifth rather than one-tenth as predicted by him. The efficiency of molecular scission is increased if pa2 treatment is followed with heat. This increase in efficiency does not make its appearance on brief exposure to 80 ° but does appear after exposure to 95 ° . Since no extinction coefficient alteration occurs after treatment at 80 ° but does after treatment at 95 ° , and since this alteration in extinction coefficient on heating has been shown to be associated with the destruction of the rigid double helical structure of the DNA's of other origins, it appears very likely that the increased efficiency of P~ disintegration in breaking the molecule is a result of the fact that after heating the two polynucleotide chains cannot mutually support each other in keeping the molecule together. The situation would be analogous to the increase in heat lability following the action of dilute DNAase (21, 23) . This behavior then can be taken to argue that the structure of the large subunit is at least duplex. On the other hand, the hypothesis that the large subunit is a tetrad of polynucleotide chains or two frequently united duplexes seems very unlikely because then the recoiling S a~ nucleus must be required to break three other polynucleotide chains. One can postulate very frequent and coincident natural interruptions but this would be in disagreement with the observation of many large molecules after heating to 95 ° (see Fig. 2 ). This multiple chain cleavage seems unlikely on energetic and geometric grounds. Unless this occurred the large subunit would show no fragmentation by p3~ decay, which it does.
On the basis of these arguments the best conclusion seems to be that the large subunit is one continuous duplex. Now one is faced with the question of very small non-DNA links connecting DNA duplexes in tandem. This is a question which is extremely difficult to answer, and which has not been resolved in the case of any high molecular weight DNA due to analytical limitations. If they exist, these interconnections must be protease-resistant, heat-stable (at least to 80°), and must not drastically alter the hydrodynamic character of the molecule. It is difficult to imagine just how the presence of such hypothetical interconnections could be demonstrated.
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APPENDIX
The number of stars having r rays arising from a distribution of t-mers is: p+l s(,) = ~2 N(OP(2t~t,,) 5--1 in which a t-mer is a fragment having t nucleotide pairs and p + 1 is the number of nucleotide pairs in an intact original molecule. N(t) is the number of t-mers resulting from the cleavage of the original molecule and N(p + 1) is the number of these original molecules. P(2~t, r) is the Poisson distribution U28t(20t)'/rl for a mean of 2/~t, in which ~ is the probability that any phosphorus atom has emitted a B-ray.
The number of stars which are larger than an arbitrary cut-off value say rc is: if we define t~ = rJ2ti Employing the expression for the distribution of t-mers produced by the random fragmentation of a uniform collection of N original molecules obtained by Montroll and Simha (28) , by making a permissible approximation (15) , and replacing the sum by an integral we find that: This expression forms the basis of the plot in Fig. 5 . The fraction of large stars remaining after a certain number of P~ decays allows the calculation of 7, the average number of molecular scissions. This in turn permits the calculation of a, the chance that any P~ decay will produce a molecular scission. 7 = a(1 -e-Xt)N * N* is the average number of Pn atoms in the large subunit at time zero. In the experiments quoted N* --45. The estimate of ~, depends somewhat on the value taken for 2O(p + 1). As a compromise we have selected a value of 16.
